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Post-synthetic Anion Exchange in Iron(II) 1,2,4-Triazole Based Spin 
Crossover Materials via Mechanochemistry
Jed H. Askew,a and Helena J. Shepherd*a
A facile method for post-synthetic exchange of anions in an iron(II) spin crossover material using mechanochemistry is 
described.  Dry grinding of the [Fe(atrz)3]Cl2 complex (atrz = 4-amino-1,2,4-triazole) in the presence of an excess of sodium 
halide salt results in the complete exchange of anions and formation of [Fe(atrz)3]Br2 and [Fe(atrz)3]I2 in a solid-state 
metathesis reaction.  The method represents a new strategy for tuning active switching properties such as the transition 
temperature in spin crossover systems. Formation of stable by-products was identified as a major driving force for exchange 




Spin crossover (SCO) materials undergo reversible switching 
between low spin (LS) and high spin (HS) states in response to 
external stimuli such as temperature,1 pressure,2 light 
irradiation3 and guest molecules.4 The switching causes a 
change in their colour, structure and magnetic properties and is 
often accompanied by thermal hysteresis, conferring bistability 
onto these systems.  Advances in recent years have led to a 
surge of interest in SCO materials for sensing,5 display6 and 
actuator technologies.7 
One-dimensional coordination polymers formed from 
complexation of Fe2+ with 4-substituted-1,2,4-triazole (Rtrz) 
ligands, with general formula [Fe(Rtrz)3](A)2.xH2O (where A = 
BF4, Cl, ClO4 and x = 0 – 3, Scheme 1(a)) are an area of 
particularly intensive research within the field of SCO materials.  
These materials have shown great potential for application due 
to the high degree of cooperativity of the SCO event and the 
high temperature of operation that many of these materials 
exhibit, even at the nanoscale.  Synthesis of nanoparticles of 
iron triazole complexes yields materials that display abrupt SCO 
and thermal bistability even at very small length scales, which 
increases their versatility for integration with a range of 
technologies.8 These coordination polymers are generally 
stable in air and offer substantial possibilities for chemical 
modification, which can be used to tune the switching 
properties towards specific technological requirements.  The 
SCO properties are strongly dependant on the R-group in the 4-
position, the anion and the degree of hydration.9,10 Recent 
reports have successfully shown the potential to tune the SCO 
behaviour of these coordination polymers through post-
synthetic modification of the substituent in that position.11,12
The [Fe(atrz)3]Ax subset of complexes (where atrz = 4-
amino-4H-1,2,4-triazole, A = anion) has been thoroughly 
explored with more than 30 different anions used to synthesise 
SCO-active materials.10  In the first instance, synthesis of these 
materials appears straightforward, with the reaction of the 
appropriate iron(II) salt and triazole in a 1:3 ratio in hot aqueous 
or alcoholic solution leading to rapid precipitation of the active 
material.13 However, such simple synthesis is limited by 
commercial availability of the corresponding iron salt, usually 
Fe(BF4)2, FeCl2, or Fe(ClO4)2.9 Other anions that have be used in 
this family often require the in-situ formation of the 
[Fe(H2O)6]Ax complex from iron powder and the corresponding 
acid.14 This process can significantly increase reaction times and 
the corrosive nature of the acids increases synthetic 
complexity,9 reducing the likelihood of adoption of materials 
with more exotic anions for industrial-scale applications. 
Recently, we reported the solvent-free synthesis of a range 
of SCO materials (including iron triazole complexes) via 
mechanochemistry.  The facile procedure yields products that 
maintain SCO behaviour, with cooperativity comparable to 
standard solution-state techniques.15 Mechanochemistry refers 
to the application of mechanical energy to drive a chemical 
reaction, and is a technique increasingly used in many other 
fields, including organic synthesis,16–19 coordination 
chemistry,20,21 co-crystal formation22 and supramolecular 
networks.20,23,24  
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Mechanical energy can also be applied to a material after 
synthesis to further chemically modify it, for example through 
solid state metathesis (SSM). SSM is a technique commonly 
used in the synthesis of inorganic materials as a ‘double 
displacement’ reaction initiated by external stimuli such as 
ignition sources, microwave or mechanical energy.25–27 SSM 
reactions use the intrinsically available energy of reacting 
species to promote the exchange of ions between compounds. 
Applications of SSM are thus far mostly limited to the synthesis 
of solid-state materials such as metal borides, nitrides and 
carbides, with particular interest in the synthesis of novel rare 
earth salts such as nitridoborates and carbodiimides, in yields 
and speeds inaccessible via direct synthetic routes.28 In most 
SSM reactions, the formation of highly stable alkali halide salts 
acts as the primary driving force for the reaction.25 The majority 
of successful SSM reactions are the result of very large 
enthalpies of reaction (∆Hrxn°) and, as such, the reactions are 
usually rapid and self-sustaining.29
Previous studies on post-synthetic grinding of solution-
synthesised SCO materials have been conducted by monitoring 
the change in SCO properties of a material as a function of 
grinding duration.30-32 It was found that the number of defects 
in the lattice increased with time as a result of mechanical strain 
induced by the high-energy ball mills used in these studies.32 
The effect on the SCO properties is an increase in residual HS 
fraction at low temperature, a decrease in the abruptness of the 
transition, a slight decrease in the transition temperature and a 
significant decrease in hysteresis. Size-reduction can lead to 
very similar changes in SCO properties,33 and differentiating 
between the effects of size reduction and introduction of 
defects is not trivial.32,33
Herein we present the application of SSM to the post-
synthetic modification of the SCO system [Fe(atrz)3]Cl2 to 
exchange the chloride anions for bromide and iodide according 
to Scheme 1(b). 
Experimental
All reagents were purchased from Fisher Scientific and were 
used as received without additional purification. All 
mechanochemical experiments were conducted in air under 
ambient conditions using a glass pestle and mortar.
Compound 1: [Fe(atrz)3]Cl2 was prepared by grinding iron(II) 
chloride tetrahydrate (4.00 g, 20.12 mM) and 4-amino-4H-1,2,4-
triazole (5.10 g, 60.66 mM) in a glass pestle and mortar in the 
absence of solvent. Within 2 minutes of grinding, the sample 
became a wet purple paste. Continuous grinding for a total of 
10 minutes resulted in a dry purple powder. The resulting 
powder was washed using a 9:1 mixture of methanol and water 
containing L-ascorbic acid (2% by mass), filtered and dried 
under vacuum at 45°C, yielding a fine purple powder (7.20 g, 
94.5% yield).  
Solid state metathesis reaction procedure: Compound 1 (0.5 
g, 1.32 mM) and the corresponding sodium salt (in a five-fold 
excess) were ground in a glass pestle and mortar in the absence 
of solvent for 15 minutes.  The resulting powder was collected 
and washed using a 9:1 mixture of methanol and water 
containing L-ascorbic acid (2% by mass), filtered, and dried 
under vacuum at 45°C. Washing of all products was carried out 
using this method to maintain consistency, irrespective of the 
relative solubilities of the sodium salts used.
CAUTION: Do not use mechanochemical techniques for the 
preparation or modification of potentially explosive materials. 
Perchlorate salts and tetrazole ligands are occasionally used in 
SCO research. Both of these have the potential to explode when 
handled dry, particularly on contact or grinding, and thus should 
not be used in routine mechanochemical experiments.
Magnetic susceptibility measurements were performed 
using a Quantum Design MPMS SQUID magnetometer. 
Temperature dependent measurements were made using a 
1000 Oe magnetic field across the stated temperature ranges, 
while ramping the temperature at a rate of 2 K min-1.  PXRD data 
were collected at room temperature using a Rigaku MiniFlex 
600 desktop X-ray diffractometer using Cu Kα radiation. TEM 
was performed using a Jeol 1230 120 kV transmission electron 
microscope equipped with a Gatan One View 16mp camera 
with automatic drift correction. 
Scherrer analysis of compound 1 and compound 1-Cl, was 
carried out using powder X-ray diffraction data collected on a 
Panalytical X’Pert3 using Cu Kα radiation. EDX measurements 
were recorded using a Hitachi-3400n SEM fitted with an Oxford 
Instruments X-Max 80mm2 SDD. Full details of analytical 
techniques are provided in the supporting information. 
T1/2↑ and T1/2↓ are defined as the midpoint for the 
transition in the second heating and cooling cycles respectively.  
‘Smoothness’ is defined as the difference in the temperature for 
which 80% and 20% of the complexes are in the HS state, as 
previously described.35
Scheme 1: (a) Schematic representation of 1-D triazole chains with 4-amino-1,2,4-
triazole. (b) Reaction schematic for SSM of [Fe(atrz)3]Cl2, where X = Br, I
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Results and discussion
Parent compound
During the second and subsequent thermal cycles, [Fe(atrz)3]Cl2 
(compound 1) exhibits a reversible SCO with T1/2↑ = 334 K, 
T1/2↓ = 328 K, showing a narrow hysteresis of 6 K, as shown in 
Figure 1(a).§ The abruptness of the transition was defined by a 
‘smoothness’ value of 39 K. During the first heating cycle the 
transition occurs at 361 K, leading to a significant apparent 
hysteresis for this first cycle only, which is not observed on 
subsequent thermal cycling.  It is common for the first heating 
cycle to be different from subsequent cycles in many SCO 
species, particularly the triazole family of complexes,36,37 and 
this apparent hysteresis of 33 K has previously been reported 
for 1.38 We attribute this behaviour here to the loss of water 
during the first heating cycle, as confirmed by 
thermogravimetric analysis presented in the supporting 
information (Figure S9 and Table S2).  PXRD data for compound 
1 are shown in Figure 1(f).
Effect of SSM procedure on SCO properties
SSM requires the further grinding of compound 1, in the 
presence of sodium halide salts. A control experiment in which 
compound 1 was ground in the presence of NaCl for 15 minutes, 
yielding compound 1-Cl, was performed in order to distinguish 
between the effects on the SCO properties of anion exchange 
and the grinding process. After grinding 1 with NaCl, no 
chemical differences should be observed and thus the effect of 
the additional grinding procedure can be evaluated without the 
possibility of anion exchange taking place. 
The PXRD pattern of 1-Cl is virtually identical to 1, as shown 
in Figure 1(f), confirming that the structure is retained after 
mechanochemical SSM. Coherent crystalline domain size was 
estimated from peak broadening using the Scherrer equation, 
revealing a reduction in particle size from 62 nm in 1 to 40 nm 
in 1-Cl. The temperature of the SCO reduces slightly from T1/2↑ 
= 334 K, T1/2↓ = 328 K in 1 to T1/2↑ = 318 K, T1/2↓ = 316 K in 1-
Cl, as shown in Figure 1(a). This is accompanied by an increase 
in ‘smoothness’, i.e. a more gradual SCO is observed after the 
SSM procedure (1 = 39 K compared to 1-Cl = 55 K).   This is 
consistent with effects of both post-synthetic grinding and 
particle size reduction previously reported.32  The differences in 
the absolute values of χMT are also attributed to these effects.
Due to the high potential error in particle size determination 
via Scherrer analysis,39 TEM was used to further explore particle 
size and morphology, as shown in  Figure 2.§§ An average 
particle size of 28 ± 19 nm was calculated for 1, based on 
statistical analysis, with a wide distribution (10 nm to 89 nm). 
Both the average size (19 ± 8 nm) and the distribution (5 nm to 
42 nm) was reduced in 1-Cl. Further detailed analysis into the 
effects of mechanochemistry on SCO properties is currently 
ongoing, but beyond the scope of the present study. However, 
we can conclude that the effect of the SSM procedure on 1 is to 
produce a reduction in SCO temperatures of ≈ 12 – 16 K, a 
reduction in hysteresis width of 3 K and a slight reduction in 
particle size.
Anion Exchange
Solid state metathesis of compound 1 was carried out using an 
excess of NaBr, yielding product 1-Br. The magnetic properties 
(Figure 1(b)), show a shift of the SCO to significantly lower 
temperatures (T1/2↑ = 298 K and T1/2↓ = 295 K) than the control 
sample, indicating the exchange of chloride for bromide anions 
in the sample to form [Fe(atrz)3]Br2. The width of hysteresis 
slightly increased from 2 K to 3 K and abruptness of the SCO 
remained similar with a calculated ‘smoothness’ of 41 K 
Figure 2: (a) Representative TEM image for compound 1, additional images 
available in supporting information. (b) Particle size distribution for compound 1, 
where n = 150. (c) Representative TEM image for compound 1-Cl, additional 
images available in the supporting information. The dark background is attributed 
to clumping of BSA. (d) Particle size distribution for compound 1-Cl, where n = 129.
Figure 1: Comparison of ΧMT vs T for 1 and 1-Cl (a), 1-Br (b), 1-I (c), 1-F (d). 
Normalised second Heating cycle for 1, 1-Cl, 1-Br and 1-F between 150 to 400 K 
(e). Comparison of normalised PXRD data bottom to top: 1 (black), 1-Cl (red), 1-F 
(orange), 1-Br (purple) and 1-I (green).
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compared to 39 K prior to additional grinding. [Fe(atrz)3]Br2 has 
been previously reported to show a significant dependence of 
its SCO properties on particle size with a range of temperatures 
reported with T1/2↑ = 320 K and T1/2↓ = 305 K for macroscopic 
particles reducing to T1/2↑ = 312 K and T1/2↓ = 310 K for small 
(50 nm) particles.40  
The observed hysteresis for 1-Br (3 K) is within previously 
reported values;40 a complete comparison between 
experimental and literature values for all complexes is 
presented in Table 1.  The PXRD pattern of 1-Br reveals 
differences in the structure of the product when compared with 
1-Cl, as shown in Figure 1(f). The PXRD pattern is similar to 
previously reported patterns for the complex [Fe(atrz)3]Br2,40 
with broadening of the peaks attributed to the reduction in the 
crystallinity, crystalline domain size and the increase in 
crystalline defects resulting from the grinding process, vide 
supra.
Repeating the SSM procedure on a fresh sample of 
compound 1 using NaI yielded compound 1-I as a white powder. 
A SCO below room temperature was confirmed by analysis of 
the magnetic properties as shown in Figure 1(c). 1-I displays SCO 
temperatures (T1/2↑ = 253 K, T1/2↓ = 251 K) that are consistent 
with those previously reported for [Fe(atrz)3]I2.41 In contrast to 
both the observations of our control experiment (1-Cl) and the 
reported effects of grinding on SCO materials, the product 
maintained a similarly abrupt SCO to the parent compound 1, 
with a calculated ‘smoothness’ = 39 K. The exchange of chloride 
for iodide anions results in a decrease in both T1/2↑ and T1/2↓ 
of >70 K and an increase in abruptness (‘smoothness’ 55 K to 39 
K) when compared with the control sample 1-Cl.  
Table 1: SCO properties for Fe(atrz)3]A2, where A = Cl, Br and I , comparison 






















325 316 316 295 251
Exp. 
∆T (K)
6 2 2 3 2
As seen in Figure 1(f), the PXRD pattern of 1-I reveals significant 
differences from 1-Cl, indicating that anion exchange is 
accompanied by substantial structural rearrangement. 
Literature PXRD data for [Fe(atrz)3]I2 is not available therefore 
comparison with previously reported data was not possible.
Driving Force of Anion Exchange
SSM was shown to successfully exchange the Cl- anions in 
compound 1, for both Br- (compound 1-Br) and I- (compound 1-
I). In literature, ∆Hrxn° has been used as a tool to predict the 
exchange potential for a SSM reaction. Due to the complexity of 
the iron-triazole chains, calculating enthalpy of formation (Hf°) 
for compound 1 and the proposed exchange products is beyond 
the scope of this research. Without enthalpy of formation for 
the iron-triazole chains, it is not possible to calculate ∆Hrxn° and 
an alternative metric for prediction was required. The total 
lattice potential energy (UPOT) of the sodium halide salts was 
identified as a suitable alternative due to the availability of 
values for multiple sodium salts, see Table 2. Assuming the 
difference in UPOT between NaCl and NaX (where X = F-, Br-, and 
I-), ∆UPOT, represents the greatest change in energy occurring 
during SSM, the complex calculations for the enthalpy of the 
iron-triazole species complexes can be simplified and UPOT can 
be used as a half reaction addressing the formation of NaCl from 
NaX. As such, using ∆UPOT it is predicted that the chloride anions 
in compound 1 will exchange with both NaBr and NaI (NaBr - 
∆UPOT = +37 kJ mol-1 and NaI - ∆UPOT = +87 kJ mol-1) whereas the 
exchange with NaF will not proceed (NaF - ∆UPOT = -141 kJ mol-
1). To test this hypothesis, exchange with NaF was attempted. 
Compound 1 was ground with NaF for 15 minutes; yielding 
1-F. It can be seen from the magnetic properties in Figure 1(d) 
that the sample undergoes SCO that is indistinguishable from 
the control sample, 1-Cl (T1/2↑ = 318 K, T1/2↓ = 316 K and with 
a ‘smoothness’ = 55 K). Literature magnetic properties for the 
compound [Fe(atrz)3]F2 are not available, and previous 
attempts to synthesise the complex were unsuccessful, which 
was attributed at the time to fundamental differences in the 
radii of the complex cation and anion.38 The PXRD data of 1-F is 
also virtually identical to that of 1-Cl, and thus it was concluded 
that it is not possible to access [Fe(atrz)3]F2 through SSM from 
compound 1 and NaF, as predicted based on UPOT calculations.  
In order to easily visualise the changing SCO temperatures 
between different samples, ΧMT was normalised within the 
range 150 – 400 K for all samples, see Figure 1(e). 
Table 2: Total lattice potential energies, UPOT, for sodium halides (F, Cl, Br and I).42
NaF NaCl NaBr NaI
UPOT° (kJ mol-1) 910 769 732 682
Extent of Exchange
Iron triazole SCO complexes with mixed ligand systems are 
known and have been used to tune the switching properties.  By 
contrast, mixed-anion complexes have rarely, if ever, been 
seen. Hence, having established that it is possible to post-
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synthetically exchange anions in compound 1, it is important to 
determine the extent of that exchange.  
Energy-dispersive X-ray spectroscopy (EDX) was used to 
determine the proportion of the various anions present in each 
sample. EDX spectra for 1-Cl, 1-Br, 1-I and 1-F are shown in 
Figure 3.  They were used to calculate the relative elemental 
abundance based upon the characteristic elemental Kα 
emissions, as summarised in Table S1. For the control sample 1-
Cl the only halide observed was chloride at 16.70 ± 4.85 % by 
weight. After exchange with NaBr, 1-Br showed trace chlorine 
(1.22 ± 0.29 %) and a significant presence of bromine (27.52 ± 
4.74 %). In both instances trace sodium (0.36 ± 0.10 % and 0.50 
± 0.10 % respectively) was observed, indicating that unreacted 
sodium salt was not present in significant quantities. Further, 
the exchange with NaI, 1-I showed trace chlorine (0.59 ± 0.05 
%) and a significant abundance of iodine (30.21 ± 4.10 %). In 1-
I, no sodium was detected, indicating no unreacted NaI 
remained in the sample. Thus, it may be concluded that 
exchange of chloride for bromide or iodide anions proceeds to 
completion under the SSM conditions employed here.
After attempted exchange of chloride for fluoride, a 
significant proportion of residual unreacted NaF is present in 
the washed sample 1-F. This is attributed to the limited 
solubility of NaF in methanol and consequently the washing 
solution used in this study. Additional workup of 1-F was not 
carried out in an effort to maintain consistency of the procedure 
and minimise the potential for solvent effects. This resulted in 
an overall lower abundance of C, N, Fe and Cl within the sample, 
as shown in Table S1.  The presence of significant quantities of 
residual NaF is also the likely cause of the low value of χMT for 
1-F at high temperatures observed in Figure 1(d).  
Conclusions
Chloride anions in [Fe(atrz)3]Cl2 can be fully exchanged for  
bromide or iodide ions by grinding the dry powder in the 
presence of an excess of the appropriate sodium salt.  The 
exchanged complexes have the SCO properties expected for 
[Fe(atrz)3]Br2 and [Fe(atrz)3]I2.  The effect of the additional 
grinding procedure itself is to slightly decrease T1/2↑, T1/2↓ and 
∆T, in addition to a reduction in abruptness of transition. The 
propensity for exchange was rationalised using the change in 
total lattice potential energy of the sodium salts (∆UPOT). Based 
on the half equation for the formation of NaCl from compound 
1 and NaX (where X = F, Br and I), the exchange with both NaBr 
and NaI was predicted and observed to be successful. However, 
the exchange using NaF was not predicted to succeed and 
indeed did not occur. This indicates the formation of stable by-
products, in this case NaCl, as the main driving force for this SSM 
procedure.
The potential to post-synthetically modify the anions of iron 
triazole complexes provides an additional tool in the discovery 
of SCO materials.  We anticipate that this SSM procedure can be 
applied to a wide variety of different iron triazole complexes 
with many different anions in addition to the halides. It is a 
facile method that will allow access to a wide variety of anions 
that are typically underexplored in these materials due to 
limitations of synthetic complexity, commercial availability or 
differences reagent solubility.  We have also demonstrated a 
simple method for predicting the propensity for exchange to 
occur with a given set of anions, providing a rational approach 
to the application of SSM for SCO materials. Furthermore, as 
SCO materials move ever nearer application, SSM offers a 
simple post-processing step that could be applied on large 
scales to access relatively exotic SCO materials from simple and 
affordable parent complexes.
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Notes and references
§ Throughout this discussion we report transition temperatures 
and other characteristics of the SCO measured on the second full 
thermal cycle.  Three full heating and cooling cycles for each 
compound are shown in the supporting information (Figures S1-
5).
§§ In both compound 1 and 1-Cl, the observed particles were 
spherical and prone to forming aggregates. To reduce the 
formation of aggregates, bovine serum albumin (BSA) was added 
(as described in the experimental section of the supporting 
Figure 3: Representative EDX spectra for exchange products, with characteristic 
energies identified. (a) 1-Cl, (b) 1-Br, (c) 1-I and (d) 1-F.
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information), the presence of which is visible in the background 
of Figure 3(c)
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A simple, solvent-free method for post-synthetic exchange of anions in an iron(II) spin crossover 
material is described.  
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